Genome-wide chromatin immunoprecipitation assays indicate that the promoter-proximal pausing of RNA polymerase II (RNAPII) is an important postinitiation step for gene regulation. During latent infection, the majority of Kaposi's sarcoma-associated herpesvirus (KSHV) genes is silenced via repressive histone marks on their promoters. Despite the absence of their expression during latency, however, several lytic promoters are enriched with activating histone marks, suggesting that mechanisms other than heterochromatin-mediated suppression contribute to preventing lytic gene expression. Here, we show that the RNA-PII-mediated transcription of the KSHV OriLytL, K5, K6, and K7 (OriLytL-K7) lytic genes is paused at the elongation step during latency. Specifically, the RNAPII-mediated transcription is stalled by the host's negative elongation factor (NELF) at the promoter regions of OriLytL-K7 lytic genes during latency, leading to the hyperphosphorylation of the serine 5 residue and the hypophosphorylation of the serine 2 of the C-terminal domain of the RNAPII large subunit, a hallmark of stalled RNAPII. Consequently, depletion of NELF expression induced transition of stalled RNAPII into a productive transcription elongation at the promoter-proximal regions of OriLytL-K7 lytic genes, leading to their RTA-independent expression. Using an RTA-deficient recombinant KSHV, we also showed that expression of the K5, K6, and K7 lytic genes was highly inducible upon external stimuli compared to other lytic genes that lack RNAPII on their promoters during latency. These results indicate that the transcription elongation of KSHV OriLytL-K7 lytic genes is inhibited by NELF during latency, but can also be promptly reactivated in an RTAindependent manner upon external stimuli.
R
ecent global analyses of the human and Drosophila genomes have revealed activating histone marks and transcriptionally engaged but paused RNA polymerase II (RNAPII) on the promoters of numerous repressed genes, indicating additional regulatory mechanisms after the transcriptional initiation (11, 22) . At this postinitiation step, the modulation of transcriptional elongation has a pivotal role in the regulation of gene expression, as the interplay between positive and negative transcription elongation factors recruited to RNAPII can ultimately determine the rate of productive transcription (20, 64) . The major factors involved in the regulation of transcription elongation are the negative elongation factor (NELF) complex, composed of 4 subunits (NELF-A, -B, -C/D, and -E), and DRB (5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole) sensitivity-inducing factor (DSIF) containing Spt4 and Spt5, as well as the positive transcription elongation factor (P-TEFb), which consists of cyclin-dependent kinase 9 (CDK9) and cyclin T1 (38, 44, 55, 63) . Based on the current model, after RNAPII clears the promoter, NELF and DSIF cooperatively bind to RNAPII in the promoter-proximal region of target genes, resulting in RNAPII pausing (55, 63) . The switch to robust elongation is mediated by P-TEFb, which can be recruited to the paused RNAPII by various transcription activators (e.g., c-myc, NF-B, Brd4, and HIV-1 Tat) (3, 27, 28, 45, 59, 66) . CDK9, the kinase subunit of P-TEFb, subsequently phosphorylates Spt5, NELF-E, and serine 2 of the C-terminal domain (CTD) of RNAPII, converting the preinitiated paused transcription elongation complex to an active elongation complex (56) . In vitro data indicate that the phosphorylation of NELF-E dissociates NELF complex from RNAPII, while the phosphorylation of Spt5 converts it from a negative to a positive transcription elongation factor that travels with RNAPII along the target gene body (61, 62) . A number of in vivo studies also showed that NELF regulates the RNAPII elongation step of several inducible genes involved in stress and immune responses or the regulation of development in various organisms (1, 2, 10, 60) .
Transcription elongation has also emerged as a critical regulatory step of viral gene expression in viruses pathogenic to humans. P-TEFb was found to be essential for the transcription of HIV-1, human T-cell leukemia virus type 1 (HTLV-1), and human papillomavirus (HPV) genes (9, 42, 59, 65, 70) . In addition, P-TEFb has been shown to be involved in the induction of lytic genes of herpes simplex virus 1 (alphaherpesvirus subfamily) and human cytomegalovirus (betaherpesvirus subfamily) (15, 17, 30, 32) . Transcription elongation factors are also involved in modulating the latent gene expression of two oncogenic herpesviruses belonging to the gammaherpesvirus subfamily, Epstein-Barr Virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV) (29, 43) .
KSHV is a ubiquitous human pathogen that establishes a persistent infection and is involved in the pathogenesis of Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman's disease (MCD) (6) . The KSHV life cycle consists of two different phases: latent and lytic. While KSHV constitutively expresses a few viral genes during latency, the expression of lytic genes is temporally regulated and primarily dependent on the immediate-early (IE) gene product R transactivator (RTA), an essential viral transcription factor (33, 51) . KSHV stays in latency in the majority of infected tumor cells, and thus the activity of latent viral proteins is thought to be the primary mediator of KSHV tumorigenesis. However, a small percentage of KSHV-infected cells express specific lytic genes in PEL cells and KS biopsy specimens, suggesting that lytic gene products may also play crucial roles in the development of KSHV malignancies (6) . Indeed, several lytic proteins (e.g., K2, K5, K7, vGPCR, viral RNA interferon 1 [vIRF1] , and vBcl2) involved in antiapoptosis, immune evasion, and signal transduction modulation are strikingly associated with KSHV pathogenesis (8, 21, 31, 69) . In fact, these lytic gene products are crucial for KSHV tumorigenesis either directly or indirectly by modulating viral persistency in the tumor cells (35) . Since the induction of viral lytic replication by RTA ultimately leads to virus production accompanied by cell death, it is a long-standing enigma how the expression of lytic genes can be involved in the development of KSHV-associated cancer (69) . Deregulated lytic gene expression or aborted lytic replication has been proposed as a mechanism of the lytic gene product-mediated tumorigenesis, but the molecular details driving deregulated lytic gene expression or aborted lytic replication are still poorly understood.
Recently, we and others described for the first time a comprehensive genome-wide chromatin immunoprecipitation with microarray technology (ChIP-chip) analysis of histone modifications associated with the KSHV genome during latency and lytic reactivation (23, 53) . The results show that the chromatin of the latent KSHV genome is enriched with H3K27me3 and H3K9me3 repressive histone marks as well as acetylated histone H3 and H3K4me3 activating histone marks during latency. Interestingly, the enrichment of activating histone marks is detected at the promoters of several immediate-early (IE) and early (E) genes during latency, while the expression of these lytic genes is silenced. This observation raises the question of whether the RNAPII transcription complex is already assembled on these lytic promoters as an initiation cluster but blocked at the transcription elongation step, thereby repressing these lytic genes during latency. To test this hypothesis, we first determined the RNAPII binding sites on the KSHV genome during latency and after reactivation. While RNAPII was enriched at the promoter-proximal regions of a group of the KSHV lytic genes (OriLytL, K5, K6, and K7) during latency, their expression was specifically repressed by the NELF complex at the step of RNAPII-mediated transcriptional elongation. On the other hand, these viral lytic genes could be more robustly induced upon external stimuli in an RTA-independent manner compared to those lytic genes that did not have RNAPII on their promoters during latency. This indicates that, besides a general heterochromatin-mediated repression, the control of the transcriptional elongation step is an additional regulatory mechanism of viral lytic gene expression during latent herpesviral infection.
MATERIALS AND METHODS
Cell cultures. BCBL-1, BC1, and VG1 cells were maintained in RPMI 1640 medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 g/ml streptomycin (P/S). The TREXBCBL1-Rta cell line was cultured in RPMI 1640 medium supplemented with 10% tetracycline (Tet)-free FBS, P/S, and 20 g/ml hygromycin B. The iSLK cell line was a generous gift from Don Ganem (UCSF, San Francisco) (36) . 293TBAC16 and 293TBAC16-RTAstop cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, P/S, and 200 g/ml hygromycin B. The iSLKBAC16 and iSLKBAC16-RTAstop cell lines were grown in DMEM supplemented with 10% FBS, P/S, 1 g/ml puromycin, 250 g/ml G418, and 1.2 mg/ml hygromycin B.
Antibodies for ChIP assays and immunoblots. Anti-Spt5, anti-cyclin T1, anti-RNAPII (total), and anti-NELF antibodies were purchased from Santa Cruz Biotechnology. Anti-pS5 RNAPII was from Millipore, and anti-pS2 RNAPII was from Abcam. Anti-RTA rabbit polyclonal antibody was a generous gift from Yoshihiro Izumiya and Hsing-Jien Kung (Univerisity of California, Davis, Sacramento, CA). LANA and K2, K3, and K5 KSHV protein-specific antibodies have been described previously (53) .
ChIP-chip and ChIP assays. Detailed descriptions of the ChIP-chip and ChIP assays have been published previously (53) . Briefly, the 15-bptiling KSHV microarray used for the ChIP-chip assay included 60-mer overlapping probes, which cover the entire KSHV genome (U75698 and U75699 at GenBank), and was manufactured by Agilent Technologies. For the ChIP-chip assay, 20 g of chromatin and 1 g of RNAPII antibody (H-224) were used for each reaction. ChIP and DNA purification were performed as described previously (53) . ChIP DNAs were amplified by Complete whole-genome amplification (Sigma-Aldrich) and purified with the QIAquick PCR purification kit (Qiagen) following the protocol provided by the manufacturer. Labeling, hybridization, and scanning of microarrays were performed at the Functional Genomics Core, Microarray Facility at City of Hope (Duarte, CA). Probe signals were extracted by the Agilent Feature Extraction software (version 10.5.1.1). The log 2 (Cy5/ Cy3) ratios of the mean signals of probes were calculated and further analyzed by R software (version 2.9.0) (http://www.r-project.org). To correct for dye bias, we used the Bioconductor package "aroma.light" for lowess normalization. The log 2 ratios of the 0-h-postinfection (0-hpi) (latency) and 8-hpi (reactivation) samples were scaled to have the same median absolute deviation (MAD) using the function "normalizeBetweenArrays" from the "limma" Bioconductor package. Genetrix software (Epicenter Software, University of Southern California) was applied for visualizing the enrichment of RNAPII across the KSHV genome as used previously (53) . Lentiviral shRNA knockdown. The short hairpin RNAs (shRNAs) were expressed from pLKO.1 lentiviral vectors. The production of lentiviruses and the transduction of cells were performed as described previously (53) . The shRNA target sequences for NELF-A and NELF-E are 5=-GGAGCAGAATCCCAACGTTCA and 5=-GGTGTCAAACGCTCAC TATCA, respectively.
RNA purification, RT-PCR, and real-time qPCR. The purification of total RNA, cDNA synthesis, semiquantitative and real-time quantitative PCR (qPCR) analyses of cDNAs and genomic DNAs were performed as described previously (53) The sequences of the primers used for real-time qPCR and reverse transcription-PCR (RT-PCR) are shown in Table 1 .
IF analysis. BCBL-1 cells were fixed on a coverslip by 10% poly-Llysine (Sigma, P8920) per immunofluorescence (IF). Immunofluorescent detection of KSHV proteins in BCBL-1 cells was performed after crosslinking the cells with 3% paraformaldehyde for 15 min, permeabilizing them with 0.1% Triton X-100 for 10 min, and staining them with primary antibody overnight at 4°C. Cells were washed with phosphate-buffered saline (PBS) and incubated with tetramethyl rhodamine isothiocyanate (TRITC)-or fluorescein isothiocyanate (FITC)-coupled secondary antibodies for 1 h at 37°C. Cells were washed with PBS, dried, fixed onto slides with Dako fluorescent mounting medium, and finally analyzed by confocal microscopy. Nuclei were also visualized with DAPI (4=,6-diamidino-2-phenylindole). KSHV production, infection, and flow cytometry. iSLKBAC16 and iSLKBAC16RTAstop cells were treated with 1 g/ml of doxycycline (Dox) and 1 mM sodium butyrate (NaB) for 3 days. The virus-containing supernatant was cleared of cell debris by centrifugation at 2,000 rpm for 10 min, passed through a 0.45-m-pore filter, and used to infect 293T cells by centrifugation (2,000 ϫ g) for 45 min at 30°C. At 24 h postinfection, the numbers of infected cells (based on green fluorescent protein [GFP] signal) were determined by flow cytometry (FACS CantoII; BD Bioscience, San Jose, CA). Infectious units are expressed as the number of GFP-positive cells in each well that was calculated from the total cell number/well at the time of analysis.
Construction of an RTA-deficient KSHV (BAC16RTAstop). The RTA-deficient KSHV was generated by changing the 16th and 17th amino acids of the coding sequence of RTA GAAAGC to GGCTAGC, resulting in a Stop codon and a new NheI restriction enzyme site in the second exon of the RTA gene in bacterial artificial chromosome 16 (BAC16). The mutagenesis was performed in the GS1783 Escherichia coli strain by using "en passant" mutagenesis, as described previously (52) . The RTAstop mutant was generated by amplifying a Kan r /I-SceI cassette from the pEP-Kan-S plasmid using the following primers: forward primer 5=-CTCTCTCCTT AGGGTAAGAAGCTTCGGCGGTCCTGTGTGGGCTAGCTTCGTCG GCCTCTCaggatgacgacgataagtaggg and reverse primer 5=-GTAGAGTTG GGCCTTCAGTTCGTCCGAGAGGCCGACGAAGCTAGCCCACACA GGACCGCCaaccaattaaccaattctgattag. Uppercase letters indicate KSHV genomic sequences that were used for homologous recombination, whereas the sequences given in lowercase letters were used to PCR amplify the Kanr/I-SceI cassette from the pEP-Kan-S plasmid. AseI and NheI restriction enzyme digestions of BAC DNAs followed by either conventional agarose gel electrophoresis or pulsed-field gel electrophoresis were used to verify that there were no genetic rearrangements in the BAC16RTAstop mutant compared to wild-type (WT) BAC16. In addition, colony PCR and direct sequencing were also performed to verify the correct sequence of BAC16RTAstop mutants.
RESULTS
Stalled RNAPII at the promoters of a group of lytic genes during latency. Given that the H3K4me3 and acetylated histone H3-ac- tivating histone modifications were found on the promoters of several repressed lytic genes during latency (23, 53), we determined the status of their transcription by detecting RNAPII occupancy. To perform RNAPII ChIP assays, we extracted chromatins from both uninduced (latency) and Dox-induced (8 h, reactivation) TREXBCBL1-Rta cells. DNAs purified from the RNAPII ChIPs were labeled and hybridized to our custom-designed KSHV-specific 15-bp-tiling microarray (53) . In agreement with the constitutive expression of latent genes (vIRF3 and LANA), RNAPII was readily detected at their promoter regions during latency (Fig. 1A) . Unexpectedly, the RNAPII occupancy was apparently present at the promoter regions of OriLytL (origin of lytic replication on the left side of the viral genome), K5, K6, and K7 lytic genes during latency, while it was nearly absent from the rest of the viral genome ( Fig. 1A and B) . Reactivation of the KSHV lytic program was triggered by Dox-inducible RTA for 8 h, enough time for the expression of immediate-early (IE) and early (E) but not late (L) genes (23, 53) . Under these conditions, RNAPII was recruited to the genomic regions of the KSHV IE and E genes, whereas the L-gene-rich genomic regions of KSHV were devoid of RNAPII but associated with heterochromatin ( Fig. 1A ) (53) . These results were further confirmed by independent RNAPII ChIP experiments using viral gene promoter-specific real-time qPCRs (Fig. 1C) . Next, we determined whether the RNAPII on the promoters of OriLytL, K5, K6, and K7 lytic genes was transcriptionally active or stalled. Hyperphosphorylation of the serine 5 residue (S5) and hypophosphorylation of the serine 2 (S2) at the C-terminal domain (CTD) of the large subunit of RNAPII are hallmarks of stalled RNAPII, whereas the hyperphosphorylation of S2 concom- itantly with the hyperphosphorylated S5 is the marker for fully engaged RNAPII in transcription elongation (5) . Our ChIP data showed that the hyperphosphorylation of S5, but not the hyperphosphorylation of S2, of RNAPII was detected at the promoters of K5, K6, and K7 lytic genes, suggesting stalled RNAPII, whereas the hyperphosphorylated S2 of RNAPII was enriched primarily at the active latent promoters during latency ( Fig. 1D and E) . In contrast, the lytic reactivation of KSHV increased the overall CTD phosphorylation of RNAPII at IE and E genes, but not at L genes such as ORF25 and ORF64 (Fig. 1A, D, and E) . The similar levels of RNAPII binding on the cellular PABPC promoter indicated that the efficacies of ChIPs were similar between uninduced and Dox-induced samples and that the increase of RNAPII binding and its S2 or S5 hyperphosphorylations were specific for the KSHV genome under viral reactivation conditions (Fig. 1C to E) . Finally, we further showed that the binding of hyperphosphorylated S5 RNAPII to the promoters of the OriLytL, K5, K6, and K7 genes during latency was not restricted to BCBL-1 as it was detected in BC1 and VG1 KSHV-positive PEL cells as well (Fig. 1F and G) . In summary, these data demonstrate that while there is transcriptionally active RNAPII on the constitutively active promoters of latent genes, the promoters of a specific group of KSHV lytic genes are occupied with stalled RNAPII during latency.
The promoters of OriLyt, K5, K6, and K7 are occupied by transcription elongation factors. A number of studies showed that the transition from paused RNAPII to transcriptional elongation is controlled by the interactions of negative and positive transcription elongation factors with RNAPII at the promoter-proximal region (39) . Given that RNAPII-mediated transcription was stalled at the activating histone mark-enriched promoter regions of OriLytL, K5, K6, and K7 ( Fig. 2A) , we tested whether transcription elongation factors such as NELF, DSIF, and P-TEFb were also recruited to these promoters. Using ChIP assays, we assessed the presence of the NELF complex (NELF-A and NELF-E subunits), Spt5 (DSIF), and cyclin T1 (PTEFb) at these lytic promoters (Fig. 2B and C) . This showed that both the negative (NELF and DSIF) and the positive (P-TEFb) transcription elongation factors were apparently present on the promoters of the OriLytL, K5, K6, and K7 lytic genes and the promoters of the latent genes (vIRF3 and LANA) during latency ( Fig. 2B and C, white bars). Upon reactivation, however, their recruitment was readily increased in most of the tested viral promoters, which was coincident with the increased binding activity of hyperphosphorylated S2 RNAPII (Fig. 1D and 2B and C, black bars) .
Depletion of the NELF genes preferentially induces expression of the viral lytic genes that have RNAPII on their promoters during latency. The NELF complex has been shown to be a key factor in the inhibition of transcription at several cellular and viral genes, such as heat shock protein 70 (Hsp70), JunB, or HIV genes (20) . Interestingly, RNAPII and NELF co-occupied the promoter regions of the OriLytL, K5, K6, and K7 lytic genes during latency ( Fig. 1 and 2) . To test the hypothesis that the OriLytL, K5, K6, and K7 lytic genes were repressed by the NELF complex, we performed specific shRNA-mediated depletion (shNELF) of NELF-A and NELF-E, subunits that are required for the stability of the NELF complex formation and essential for NELF/DSIF-mediated RNAPII pausing (38, 62) . Immunoblot analysis indicated that the levels of all NELF subunits were efficiently reduced in shNELFtreated cells compared to scrambled shRNA-transduced cells (shcontrol), while the levels of Spt5, CDK9, and cyclin T1 were not affected (Fig. 3A) . RT-PCR analysis revealed that NELF depletion resulted in the efficient induction of OriLytL, K5, K6, and K7 gene expression as well as cellular JunB gene expression, but not of immediate-early genes (RTA, ORF48 and ORF45) or the latent gene (LANA) (Fig. 3B) . Increased K5 expression in shNELFtreated BCBL-1 cells was further confirmed by immunoblotting and immunofluorescence analyses (Fig. 3C and D) . Furthermore, NELF expression was depleted in 293T cells carrying rKSHV.219, which contains a constitutively expressing GFP gene as an infection marker and an RTA-inducible-PAN promoter-controlled red fluorescent protein (RFP) gene as a reactivation marker (54) . As seen in BCBL-1 cells, the K5 gene expression was robustly induced in shNELF-treated 293T-rKSHV.219 cells, whereas neither the LANA/RTA gene expression nor the RFP expression was increased under the same conditions ( Fig. 3E and F) . These results strongly indicate that the NELF complex is specifically involved in the repression of the OriLytL, K5, K6, and K7 lytic genes, whose promoters are heavily occupied by RNAPII during latency.
NELF depletion releases the transcriptional elongation block at the promoter-proximal regions of specific KSHV lytic genes. To investigate whether the NELF complex indeed prevents the transition of RNAPII to transcriptional elongation at the OriLytL, K5, K6, and K7 lytic genes during latency, we performed a ChIP assay to measure the effect of NELF gene depletion on the levels of total RNAPII, phosphorylated S5 RNAPII, phosphorylated S2 RNAPII, and Spt5 at the OriLytL-K7 genes during latency (Fig. 4) . The hyperphosphorylated S5 RNAPII is a marker of active RNAPII, the hyperphosphorylated S2 RNAPII is characteristic of the elongation-competent form, and Spt5 is a transcription elongation factor that remains associated with RNAPII as it transcribes target genes (48) . ChIP signals were measured at the promoterproximal regions (pr) and the downstream regions (dw) within the 5= regions of viral LANA and OriLyt-K7 gene bodies. A cellular JunB gene whose expression is repressed by the NELF (20) was included as a positive control. These experiments revealed that depletion of the NELF expression led to the increases of the enrichment and phosphorylations of RNAPII at the viral OriLytL-K7 gene and cellular JunB gene, but not at the LANA gene (Fig. 4) . In agreement with the role of the NELF complex in pausing RNAPII transcription activity, depletion of NELF expression resulted in the increased hyperphosphorylation of the CTD serine 5 of RNAPII (pS5 RNAPII) without significantly affecting the total level of RNAPII at the promoter-proximal region of OriLytL-K7 genes. On the other hand, the hyperphosphorylation of the CTD serine 2 of RNAPII (pS2 RNAPII) was increased within the OriLytL-K7 gene bodies (Fig. 4) . In addition, the recruitment of Spt5 was concomitant with the increased level of pS2 RNAPII downstream of these genes (Fig. 4) . Taken together, these results suggest that the host NELF complex inhibits transcription elongation at the OriLytL, K5, K6, and K7 lytic genes whose promoters are occupied by stalled RNAPII during latency, while NELF-specific gene knockdown releases its elongation block, allowing transcription of the OriLytL, K5, K6, and K7 lytic genes.
RTA-independent induction of KSHV lytic gene expression. Since depletion of the negative elongation factor activity leads to the induction of OriLyt, K5, K6, and K7 lytic gene expression in an RTA-independent manner, we hypothesized that the promoters of the OriLyt, K5, K6, and K7 lytic genes with stalled RNAPII during latency were poised to be more robustly activated in response to external signaling pathways than those of other lytic genes without stalled RNAPII. To test this hypothesis and to exclude the effect of RTA on the induction of lytic gene expression, we constructed an RTA-deficient recombinant KSHV. Specifically, a frameshift mutation followed by a Stop codon was inserted into the beginning of the second exon of RTA to eliminate RTA protein expression (Fig. 5A ). En passant mutagenesis was performed using a new GFP-expressing BAC clone of KSHV, called BAC16, that is capable of producing infectious recombinant viruses, as shown in the accompanying article by Brulois et al. (5a) . Several mutant clones were isolated and tested by NheI restriction enzyme digestion, followed by DNA sequencing of the mutation sites. Figure 5B shows a representative NheI digestion of the mutant clones (lanes 1 to 8) compared to wild-type BAC16 (lane 9). The insertion of an additional NheI site overlapping with the Stop codon in BAC16 enabled us to distinguish the mutants from the wild-type BAC16. Based on the digestion patterns and DNA sequencing results, we chose clones 2 and 4 for further analysis to test the correct Stop codon insertion without any detectable genomic rearrangements (Fig. 5B) . Next, the wild-type and RTAstop mutant (clones 2 and 4) BAC DNAs purified from E. coli were transfected into 293T cells, followed by selection for hygromycin resistance (Hyg r ). Then, Hyg r cell lines were treated with 3 mM sodium-butyrate (NaB) for 24 and 48 h to induce viral lytic replication. Immunoblotting showed that despite the absence of other lytic gene expression and viral DNA replication, K5 expression was readily detected in the RTAstop KSHV-stable cells (Fig.  5C and D) . In contrast, the levels of expression of the latent gene, coding for LANA, were comparable in both the wild-type and RTAstop KSHV-infected cells (Fig. 5D ). To further demonstrate that the deficiency of lytic replication of the RTAstop KSHV was due to the lack of RTA expression and not any unintentional ge- ChIP assays were performed with lentiviral shcontrol-or lentiviral shNELFinfected BCBL-1 cells using antibodies of total RNAPII (N20), serine 5 phosphorylated RNAPII (pS5 RNAPII), serine 2 phosphorylated RNAPII (pS2 RNAPII), and the transcription elongation factor Spt5. netic defects that may have arisen during the construction of RTAstop KSHV, we introduced WT and RTAstop BAC16 (clone 4) into a recombinant SLK cell line, iSLK, which has been engineered to express RTA in a doxycycline (Dox)-inducible manner (36) . Immunoblot analysis showed comparable levels of expression of the K5 and K2 lytic genes in the iSLK-BAC16 and iSLK-BAC16RTAstop cell lines upon Dox-induced lytic reactivation (Fig. 5E) . The supernatants from iSLK-BAC16 and iSLKBAC16RTAstop cell lines showed comparable virus titers (Fig. 5F ), indicating that the complementation of RTA expression is sufficient to fully induce lytic reactivation of RTAstop KSHV.
While K5 expression was readily detectable in 293T-BAC16RTAstop cells during latency, it was further enhanced by the shRNA-mediated depletion of NELF gene expression (Fig.  6A ). This finding was additionally corroborated by immunofluorescence analysis of 293T cells infected by BAC16 or BAC16RTAstop (clone 4) (Fig. 6B) . Strikingly, treatment of 293T-BAC16RTAstop with 3 mM NaB was still able to induce lytic gene expressions to certain extents; specifically, the levels of induction of immediate-early RTA, K8, and ORF48 gene expression were comparable between 293T-BAC16 and 293T-BAC16RTAstop cells (Fig. 6C) . In contrast, the K5, K6, and K7 lytic genes carrying stalled RNAPII on their promoters during latency were induced more robustly than those lytic genes (RTA, K2, K8, ORF48, ORF57, and ORF70) lacking RNAPII on their promoters during latency (Fig. 6C) . These results indicate that the promoters of OriLyt, K5, K6, and K7 lytic genes with stalled RNAPII during latency are poised for more robust induction in response to external signaling pathways than those of other lytic genes without stalled RNAPII.
We also tested the unique characteristics of the K5 expression profile in KSHV-infected PEL cells using immunofluorescence analyses. As seen with a majority of latently infected PEL cells, of which a small population (less than 3 to 5%) shows spontaneous KSHV lytic gene expression (31), a few latently infected PEL cells showed the expression of RTA, K2, K5, K8, K8.1, K9, and/or ORF59 (Fig. 7) . Intriguingly, a large portion of K5-positive PEL cells was RTA negative, whereas a majority of ORF59-postive PEL cells were RTA positive (Fig. 7A, B, and C) . However, upon NaB stimulation, nearly all K5-positive or ORF59-positive PEL cells were RTA positive (Fig. 7A and B) . When the proportion of lytic-protein-positive PEL cells showing RTA-positive and/or -negative expression was calculated as a percent distribution, it further confirmed that a larger portion of the K5-positive cells was RTA negative compared to other lytic-geneexpressing cells (Fig. 7C) . These data showed that K5 gene expression is more frequently RTA independent than the expression of other lytic genes.
DISCUSSION
Transcription elongation has emerged as a critical regulatory step for both cellular and viral gene expression (9, 30, 48, 65, 70) . In the present study, we showed that RNAPII transcription elongation was paused at the promoters of KSHV OriLytL, K5, K6, and K7 lytic genes (OriLytL-K7 genes) during latency and was regulated by the cellular negative elongation factor (NELF) complex. In addition, we found that the expression of K5, K6, and K7 lytic genes carrying paused RNAPII on their promoters during latency was induced more robustly upon external stimulus than that of other lytic genes without paused RNAPII. Furthermore, the depletion of NELF gene expression in PEL cells or in KSHV-infected 293T cells resulted in the upregulation of OriLytL-K7 gene expression in an RTA-independent manner. These data indicate that the RNAPII transcription elongation of the KSHV OriLytL-K7 lytic promoters is inhibited by NELF during latency, which can be resumed upon external stimuli in an RTA-independent manner.
Besides the promoters of LANA and vIRF3 latent genes as well as those of OriLytL-K7 lytic genes, the RTA promoter region was also enriched with activating histone marks but devoid of RNAPII during latency. RTA is the first viral gene to be activated during lytic reactivation, and its promoter is associated with bivalent chromatin (23, 53) . Bivalent chromatin is frequently accompanied by stalled RNAPII on the promoters of highly inducible cellular genes whose transcription is poised in the basal state for rapid activation upon specific stimuli (4, 46) . It is possible that the absence of RNAPII on the bivalent RTA promoter during latency may be critical to avoid the unwanted activation of RTA expression upon stochastic fluctuation in cell signaling, which potentially compromises the maintenance of latency. Upon adequate stimulation, however, RTA expression triggers a temporally ordered expression cascade of lytic genes (37) . Our ChIP data also showed that at the early phase of KSHV reactivation, RNAPII was recruited primarily to the genomic regions mostly encoding immediate-early and early genes, while the late-gene-rich regions were essentially RNAPII free (Fig. 1A) . This is consistent with our previous findings that heterochromatin is associated with most of the late genes during the early phase of reactivation, which is known to be unfavorable for RNAPII binding (53) .
The OriLytL promoter seems to be unique among the repressed lytic promoters as the total RNAPII level was the highest at this promoter region on the KSHV genome during latency, which was also accompanied by higher RNAPII pS2 phosphorylation relative to other viral promoters. It is conceivable that transcrip- tion may be initiated from the OriLyt promoter but terminated shortly within the repetitive sequence of OriLytL. Since the specific OrLytL primers just downstream of this repetitive sequence were used for the RT-PCR assay, we could not detect short noncoding RNAs even if they were transcribed (Fig. 3B) . Along with this, the recruitment of large amounts of RNAPII onto viral promoters during reactivation was also accompanied by the increased NELF complex on the KSHV genome. A number of studies have shown that NELF is involved in the regulation of the RNAPIImediated transcription rate where NELF-mediated RNAPII pausing acts as a transient checkpoint during the transcription cycle. On the other hand, several studies have also shown the positive action of NELF such that binding of NELF to RNAPII enhances the induction of transcription on chromatinized DNA (2, 19) . Thus, the dual functions of NELF-mediated regulation of RNAPII activity may potentially contribute to the increased recruitment of NELF during KSHV reactivation.
Although the promoter regions of both the OriLytL-K7 lytic genes and the LANA and vIRF3 latent genes possessed activating histone marks and RNAPII with transcription elongation factors (P-TEFb and DSIF), only the expression of OriLytL-K7 genes was repressed during latency. This may be due to the recruitment of enzymatically inactive P-TEFb to the promoters of the K5 to K7 genes, resulting in the hypophosphorylated S2 RNAPII at the K5 to K7 genes ( Fig. 1D and E) . In contrast, the promoters of LANA and vIRF3 latent genes were associated with the hyperphosphorylated S2 RNAPII, indicating the recruitment of active P-TEFb that allows the constitutive expression of latent genes ( Fig. 1D and E) . The transition of P-TEFb between enzymatically active and inactive forms is regulated by the dynamic association of cyclin-dependent kinase 9 (CDK9), the kinase subunit of P-TEFb, with nuclear repressors (40, 67, 68) . CDK9 is released from its inactive complex when cells are exposed to hypertrophic or stress signals, and subsequently various transcription factors (e.g., Brd4, c-myc, NF-B, Tat, and VP16) recruit P-TEFb to the target promoters (32, 34, 45, 47, 59, 66) . Investigation of HIV-1 transcription has recently revealed that a catalytically inactive P-TEFb is recruited to the HIV-1 promoter during viral latency, which is incompatible with transcription elongation. However, subsequent binding of the HIV transcription factor Tat to the HIV-1 promoter disrupts the inactive P-TEFb and recruits an enzymatically active CDK9 to resume transcription (14) . It is possible that RTA-independent KSHV gene expression may occur via specific cellular transcription factors involved in the host's signal-dependent gene expression regulation circuits that have been shown to be crucial for cellular gene expression in response to environmental stresses (1, 18, 25, 49) .
Transcription factors that regulate the promoter activity of OriLytL-K7 lytic genes in the context of the chromatinized viral genome are largely unknown (16, 24, 50, 58) . While RTA is the key viral transcription factor to activate these lytic promoters (37) , the presence of latency-associated stalled RNAPII on their promoters implies that the OriLytL-K7 lytic genes may also be expressed independently of RTA upon external stimuli. In fact, consistent with previous studies (24, 41) , the RTA-independent expression of the K5 gene was detected in a number of latently infected PEL cells and RTA-deficient KSHV-infected 293T cells. We also showed that the expression of K5, K6, and K7 lytic genes was highly inducible upon external stimuli compared to that of other lytic genes, which did not have RNAPII on their promoters during latency. Thus, we speculate that cellular signal transduction is not only partially exchangeable with RTA in regard to the activation of the OriLytL-K7 lytic gene expression but also provides a novel expression profile of KSHV immune deregulatory genes that is likely different from that of the RTA-dependent lytic reproduction program. Importantly, Notch signaling has been shown to be capable of inducing an RTA-independent expression of a set of lytic genes, including the K5, K6, and K7 genes, but the role of Notch signaling in relieving NELF-mediated RNAPII pausing has not been investigated (7) .
Latency is a fundamental viral immune evasion strategy, which limits viral antigen expression and thereby prolongs the survival of infected cells. Several KSHV lytic proteins with immune regulatory functions or oncogenic potentials have also been implicated in regulation of viral persistency and pathogenesis (21, 35) . It is worth noting that the K5, K6, and K7 lytic proteins have been shown to function in the degradation of surface immune-modulatory receptors, the downregulation of the T-cell response, and the suppression of apoptosis, respectively (12, 13, 26, 57) . Therefore, the induction of these lytic genes outside the canonical RTA-mediated lytic reactivation would be beneficial for the protection of latently infected cells against host immune response and apoptosis. In summary, our findings provide new insights into how KSHV lytic genes associated with activating histone marks are repressed during the latent state of infection and how the modulation of RNAPIImediated transcription elongation triggers the expression of these lytic genes even in the absence of RTA. 
